Abstract: A recently proposed three-dimensional (3D) linear method for examining soil-building interactions based on an input seismic wave field is, after some improvements, applied to estimate seismic building responses in the reclaimed zone of Tokyo Bay, where ground motions include a considerable amount of surface waves, thus reconfirming the effects of the method in a different situation. A seismic wave field involves seismic waves propagating in a 3D medium. The proposed method was developed with the goal of adequately treating seismic surface waves trapped by a (several-kilometers) deep underground structure in a soil-building interaction system. Two simulations were carried out. The first simulation successfully reproduced surface, downhole, and building accelerograms that were recorded at one borehole station during two medium-sized earthquakes. In the second simulation, seismic responses of a midrise RC model building and a wood model building were favorably calculated at the other borehole station for the 1923 Kanto earthquake. The building responses also were compared with those calculated by two standard response analyses, demonstrating the superiority of the proposed method.
Introduction
A base-fixed building-response analysis has been performed in numerous studies. Certainly, this popular analysis has played a very important role in the analysis of building performance. However, it is possible for a building foundation to suffer heavy damage while the building superstructure sustains almost no damage. Even if consideration is restricted to the building's superstructure, this analysis has three weak points. First, soil-building interaction effects are not considered. Second, if the predominant period of the ground is longer than the fundamental period of the superstructure at a soft-soil site, the fundamental mode of the soil-building interaction system, which corresponds to the fundamental mode of the soil body of the system, is not properly taken into account. Third, although a surface-acceleration time history exerts the inertial force on the superstructure, ground motions do not act directly on the superstructure.
A soil-building interaction analysis is of great benefit to estimate the seismic response of a building with piles. An interaction analysis overcomes the first and second weak points and is also able to improve the third weak point largely. Strong ground motions have been implicitly assumed to be S waves in the engineering community. However, a large amount of surface waves can be included in ground motions at a soft-soil site. Although the predominant periods of S waves and surface waves should be almost identical, the vertical amplitude distributions of these waves can be quite different in surface layers at a soft-soil site, as demonstrated in several studies (e.g., Iida and Kawase 2004; Iida et al. 2005) . Therefore, it is necessary to identify both S waves and surface waves and to treat them separately.
In an interaction analysis, it is very difficult to treat short-period surface waves (less than a few seconds) reasonably because seismic surface waves are trapped by a (several-kilometers) deep underground structure. Exactly speaking, the vertical increase in the amplitude of short-period surface waves in a shallow underground structure (several tens of meters) depends strongly on the material properties of the deep structure in which the surface waves propagate. This means that surface-wave incidence into a shallow-soil model is not valid for surface waves trapped by a deep structure. This problem of surface waves was explained mathematically in a soil-response study by Iida (2006) .
In this context, to treat short-period surface waves adequately in a building-response analysis, a three-dimensional (3D) linear FEM for examining soil-building interactions based on an input seismic wave field was proposed in a recent study by Iida (2013) . An input seismic wave field means that the forces produced by body and surface waves propagating in the 3D soil volume of a soil-building interaction system are employed as external forces in the finiteelement (FE) simulations. This new treatment of seismic external force was employed successfully for the first time in the previously mentioned soil-response study by Iida (2006) . Using the proposed method, seismic responses of low-to high-rise RC model buildings were successfully calculated for a large earthquake at a soft-soil site in Mexico City, Mexico, where surface waves trapped by a deep structure are dominant. It also was revealed that a conventional interaction analysis based on an input base motion was invalid for estimating building responses induced by surface waves.
In this study, the proposed method is, after some improvements, applied to estimate seismic building responses in the reclaimed zone of Tokyo Bay, where ground motion includes a considerable amount of surface waves, to reconfirm the effects of the method in a different situation. In a multilayered soil model subject to horizontal ground motions, the two simulations described in Table 1 were carried out. The two horizontal components of strong-motion recordings were used, and only the north-south components are displayed. The target-period range of engineering interest was mainly between 0.2 and 2.0 s.
The first simulation reproduced surface, downhole, and building accelerograms that were recorded at one (Toyo) borehole station during two medium-sized earthquakes on the basis of an input wave field estimated from the surface and downhole accelerograms. In the reproduction, soil damping and building damping also were evaluated. In the second simulation, seismic responses of a midrise RC model building and a wood model building were calculated at the other (Echujima) borehole station for the 1923 Kanto earthquake (earthquake magnitude M J 5 8:1). Here, M J means the magnitude determined by the Japanese Meteorological Agency. It is well known that the Kanto earthquake caused the heaviest damage to the Tokyo metropolitan area. The deep underground structural model used at the Echujima station, which was obtained in a previous study (Iida et al. 2005) , is described in Table 2 . It is characterized by a soft silty surface deposit with a thickness of about 30 m that covers the Kanto sedimentary basin. The building responses also were compared with those calculated by a base-fixed buildingresponse analysis and by a conventional soil-building interaction analysis. The second simulation was designed to examine the influence of different input excitations on the seismic responses of the two buildings.
For clarity, the objectives of this study were as follows: first, a soil-response study (Iida 2006) demonstrated the effects of an input wave field on soil responses in the lakebed zone of Mexico City and in the reclaimed zone of Tokyo Bay. Next, a building-response study (Iida 2013) confirmed the effects of an input wave field on building responses in the lakebed zone. This study reinforces the buildingresponse study in the reclaimed zone via improvements in the response method, application to a wood building, reproduction of real building recordings, and comparison with a base-fixed buildingresponse analysis.
For reference, many soil-building interaction analyses have been performed in the reclaimed zone of Tokyo Bay and in the alluvial zone of the Tokyo metropolitan area. The soil properties of the two zones are similar. This is so because the reclaimed zone was produced by recovering land from shallow inner Tokyo Bay (approximately 25 m), whereas the alluvial zone was in a submarine environment in the past. Some of the interaction analyses (e.g., Ohta et al. 1978; Abe et al. 1984; Kobayashi 1989) were conducted effectively by employing the previously mentioned surface, downhole, and building accelerograms at the Toyo borehole station. However, none of the interaction analyses have taken surface waves into account.
Methods
In this section, a 3D linear time-domain FEM for examining soilbuilding interactions based on an input seismic wave field is explained. The new method, which was proposed and described in a recent study by Iida (2013) , is improved in terms of surface-wave modeling and damping modeling in this study. The improvements are made based on building responses that were simulated in the study by Iida (2013) . The following paragraphs describe only the fundamentals of and the improvements to the new method. A basefixed building-response method for the building superstructure and a conventional method for examining soil-building interactions based on an input base motion, which are employed for comparison, are also described. Fig. 1 illustrates the 3D superstructure-foundation-pile-soil systems used. Until now, numerous interaction systems have been proposed (e.g., Toki and Fu 1987; Reza Tabatabaiefar et al. 2013 ). The interaction systems used are basically the same as those employed in the study by Iida (2013) , which were originally developed by Ishihara and Miura (1993) and Ishihara (1994) . Their systems are similar to those used by Toki and Fu (1987) . The lumped-mass stick building superstructure rests on a rigid-box foundation supported on piles. The superstructure is modeled as a shear-spring system, and sway and rocking of the foundation are considered. The horizontal degree of freedom of each story is coupled with the rocking degree of freedom at the foundation. Each pile is modeled by beam elements, and the soil volume is modeled by 3D rectangular prism elements. To allow the relative movement (slip) of the pile with respect to the soil, joint spring elements are attached to both edges of each beam element that forms the pile. The side and bottom boundaries of the soil volume are equipped with viscous dampers. The one-dimensional deep underground structures have no side boundaries.
The input excitations of the three methods are as follows: in the base-fixed response method, the surface accelerogram of a wave field is used as an input surface motion. It exerts the inertial force on the superstructure. In the conventional method for examining soilbuilding interactions, the most basic technique is adopted: an input base accelerogram exerts the inertial force on the system. The input base accelerogram is calculated by elastic wave theory from an accelerogram obtained at the depth of a downhole sensor, assuming that all ground motions are S waves. In the new method employing an input wave field, vertically propagating plane S waves and horizontally propagating plane surface waves are imposed on the soil volume of the 3D (x, y, z) system. The first improvement of the new method is the estimation of a surface-wave field. As was explained mathematically in a soilresponse study (Iida 2006) , surface waves are characterized not only by the period-dependent vertical amplitude distribution but also by the period-dependent horizontal phase velocity (dispersion). After the improvement, only the period-dependent vertical amplitude distribution is taken into account.
The damping form of each method is as follows: in the basefixed response method, constant modal-factor-type damping is used (damping coefficient h BF ). In the conventional method for examining soil-building interactions, spatially constant Rayleigh-type damping of h MO 5 h 1 5 h 2 is used, where h 1 and h 2 denote the damping coefficients evaluated at the primary and secondary predominant periods of the ground, respectively. In these two methods, typical damping coefficients are assumed on the basis of experience.
The second improvement of the new method is the damping form. Because the new method has not been applied extensively, the following spatially variable Rayleigh-type damping matrix is employed:
where ½M 5 mass matrix; ½K 5 stiffness matrix; ½H M and ½H K 5 matrices of the damping coefficients associated with the mass and stiffness, respectively; and v 1 5 primary angular frequency of the ground. Here, h WFij 5 h Mij 5 h Kij is assumed, where h Mij and h Kij are the elements that lie in the ith row and the jth column of matrices ½H M and ½H K , respectively. The spatially variable damping coefficients h WF are determined experimentally.
Reproduction of Building Recordings
In this section, the new method is applied to reproduce the surface, downhole, and building accelerograms recorded during the 1983 Yamanashi (M J 5 6:0) and the 1988 Tokyo (M J 5 6:0) earthquakes at the Toyo borehole station, where building observation was performed along with ground observation (Fig. 2) . The Toyo station is the only station available for reproducing building recordings in the reclaimed zone of Tokyo Bay.
In a previous study by Iida et al. (2005) , the nature of ground motions was investigated by a systematic analysis of accelerograms recorded during several medium-sized earthquakes at two coastal borehole stations (Toyo and Echujima) where the two simulations of this study were carried out. The previous study clarified that Love waves were more dominant at the Echujima station than at the Toyo station, so the amplitudes of surface recordings at the Echujima station were considerably larger than those at the Toyo station. For Fig. 1 . Plan sections and cross sections (north-south direction) of the 3D superstructure-foundation-pile-soil systems for the three buildings (the right-hand side is the north direction, and horizontal and vertical scales of 10 m are given; regarding the RC building, the cross mark on the plan section shows a vertical array, and the cross mark on the cross section indicates a building sensor; one-dimensional appropriate deep underground structures without side boundaries, which are used to estimate input wave fields, are also displayed) this reason, building responses during the 1923 Kanto earthquake were calculated at the Echujima station, as noted in the next section.
For example, the top trace in Fig. 3 exhibits the surface accererogram recorded at the Toyo borehole station during the 1983 Yamanashi earthquake. The surface accelerogram is a typical recording observed at a soft-soil site, and ground motions are dominant at periods of around 1.0 s. Judging from the small amplitudes of the accelerograms recorded at the Toyo station, the soil and building responses calculated in this section should remain in the linear range. Fig. 1 shows the interaction system for an instrumented 2-story RC real building at the Toyo borehole station. In the horizontal extent of the system, it was confirmed that artificial wave reflections caused by the side boundaries were negligible, which was described in detail in the recent study by Iida (2013) . Parameters used for the superstructure and the foundation of the real building are summarized in Table 3 (Architectural Institute of Japan 1985). The two fundamental periods of two orthogonal orientations are evaluated under a basefixed condition. Unusually, the 2-story RC building has long piles. The building vibrates with the secondary theoretical predominant period of the ground of 0.8 s (Fig. 4) . Because of computational difficulty, the thin (1.4-m) embedment of the foundation was not considered, and a foundation model without the embedment was adopted.
Building Model
Parameters used for the piles of the real building are summarized in Table 4 (Architectural Institute of Japan 1985). Throughout this study, the horizontal stiffness of the joint spring element that connects a node for the pile and another node for the soil was set to be 10 9 kN=m, and the vertical stiffness was set to be 10 6 and 10 5 kN=m at the tip and other beam elements, respectively. These values are exactly the same as those employed in the study by Iida (2013) and worked well in this study.
Wave Field
First, using the soil volume of the 3D interaction system for the real building, an input wave field was estimated from the separated surface S-and surface-wave accelerograms and the deep structural model (Fig. 1 ), which were obtained in the previously mentioned ground-motion study (Iida et al. 2005) . Fig. 3 displays the wave field estimated at the Toyo station for the 1983 Yamanashi earthquake. The depth of 20 m corresponds to the soft-soil sediment, and the depth of 45 m corresponds to the sediment-bedrock interface. A large vertical increase in the amplitudes is seen in the soft surface layers at periods greater than 0.8 s.
Soil Reponses
Second, to confirm good reproduction of an input wave field by soil responses, a preparatory soil response analysis was conducted.
Reflecting ground motions at the soft-soil site, the recorded building accelerograms did not contain a lot of short-period components, so a soil-response analysis was performed at periods greater than 0.2 s. In this study, the soil-and building-response analyses were performed for 40 s with a time interval of 0.01 s. Fig. 5 displays the FEsimulated soil responses based on the input wave field estimated for the 1983 Yamanashi earthquake. After some trial and error, given a damping coefficient h WF of 0.16 for the soil layers above 28 m deep and another damping coefficient h WF of 0.10 for the soil layers below 28 m deep, the input wave field of Fig. 3 was retrieved fairly well. The large damping coefficients are derived from the external force of an input wave field.
Building Responses
Finally, a 3D soil-building interaction analysis based on an input wave field was performed. Fig. 4 compares the recorded and simulated top-story accelerograms for the 1983 Yamanashi event, which are displayed in an effective-period range greater than 0.2 s for rigorous comparison. In this simulation, a damping coefficient h WF of 0.05 was assigned for the real building.
The spectral peak at a period of 0.8 s in the simulated accelerogram coincided well with that in the recorded accelerogram. Moreover, the spectrum of the simulation matched well with that of the recording in the long-period range of more than 0.8 s. This means that the simulation works well around the primary and secondary theoretical predominant periods (1.5 and 0.8 s) of the ground. The fundamental period (0.1 s) of the building (Table 3) is much shorter. On the other hand, the amplitudes of the simulated accelerogram were considerably smaller than those of the recorded accelerogram because of the lack of high-frequency motions. There are several possible reasons for this inconsistency: (1) the building model might not be realistic enough, (2) the wave field might not be very accurate, or (3) the one-dimensional soil modeling might not be sufficient. However, the real reasons are uncertain.
Thus, although high-frequency motions cannot be reproduced well by the simulation, the new method basically works well. The reproduction of building recordings should be further required, using surface, downhole, and building recordings obtained in another area. The damping coefficient assigned for the real building will be used for two model buildings in the next section.
Comparison with Two Other Methods
In this section, the seismic responses of a midrise RC model building and a wood model building are calculated at the Echujima borehole station for the 1923 Kanto earthquake. The building responses calculated by the new method are compared with those calculated by the previously mentioned two standard methods. In a soil-response study (Iida 2006) , surface S-and surface-wave accelerograms were synthesized with an empirical Green's function summation technique at the Echujima station for the Kanto earthquake. The surface fault geometry of the event is shown in Fig. 2 , and the fault zone covers much of the Tokyo metropolitan area. The accelerograms recorded during three medium-sized events, which are marked with black stars in Fig. 2 , were used as Green's functions.
The synthesized S-wave accelerograms had larger amplitudes than the synthesized surface-wave accelerograms. On the other hand, around the theoretical predominant period of the ground of 1.2 s, surface waves were dominant rather than S waves. As summations of the S-and surface-wave accelerograms, the synthesized surface whole-wave accelerograms had a large spectral peak at the predominant period. The synthesized accelerogram is displayed as the top trace of Fig. 6 . The very large amplitudes of the accelerogram are probably the result of linear soil modeling. It is anticipated that a midrise RC building and a wood building will shake severely at the station because the two buildings resonate with the predominant period. The building responses will be beyond the linear range during the event.
In the soil-response study, an input base motion and an input wave field for a 3D soil model were estimated at the Echujima station for the Kanto earthquake. Moreover, linear soil responses were calculated using the input base motion and input wave field. It was confirmed that the soil responses obtained using the input wave field reproduced the wave field much better than those using the input base motion.
Building Model
Typical model buildings based on Japanese building codes were employed (Building Center of Japan 2013). Fig. 1 shows the 3D interaction systems for an 8-story RC model building and a 2-story wood model building. To decrease the computational burden, the model buildings have small foundation dimensions. Further, in the horizontal extent of the systems, it was confirmed that artificial wave reflections caused by the side boundaries were negligible. Parameters used for the superstructures and foundations of the two model buildings are summarized in Table 3 . Parameters used for the piles of the 8-story RC model building are listed in Table 4 .
Regarding the 8-story RC model building, a base shear coefficient D s of 0.30 was supposed. Triangular distributions were assumed for the stiffness and shear strength, and for the stiffness, the yield stiffness was used. The parameter values of the top five stories were set to be equal to those of the fourth story. Because the pile tip needs to reach stiff-soil layers, a pile length of 40 m is required. The pile radius was determined such that the piles support the total mass of the superstructure and foundation.
On the other hand, the layout of the plan section of a wood building is arbitrary, so the structural parameters have large variations. Also, the foundation of a wood building is designed independently of the light superstructure. Hence, the 2-story wood building used here should be considered to be one typical example. The foundation without piles was fixed to the soil. Because of computational difficulty, the thin (0.5-m) embedment of the foundation was not considered, and a foundation model without the embedment was adopted.
Wave Field
First, using the soil volume of the 3D interaction system for the 8-story RC model building, an input wave field for the Kanto earthquake was estimated from the synthesized surface S-and surface-wave accelerograms and the deep structural model of Table 2 (Fig. 1) , which were obtained in the previously mentioned soil-response study by Iida (2006) and in a previous ground-motion study by Iida et al. (2005) . Fig. 6 shows the wave field estimated at the Echujima station. The depth of 19 m corresponds to the soft-soil sediment, and the depth of 38 m corresponds to the sediment-bedrock interface. The vertical increase in the amplitudes gets very large near the ground surface at the predominant period of the ground.
Soil Responses
Second, a preparatory soil-response analysis was conducted. The effective-period range of this soil-response analysis is greater than 0.2 s. In the conventional interaction analysis, the accelerogram evaluated on the bottom boundary (60 m deep) of the interaction system is used as an input base motion. To obtain the accelerogram, all ground motions were assumed to be S waves, and an accelerogram was synthesized with an empirical Green's function summation technique at the depth of a downhole sensor (40 m) at the Echujima station for the Kanto earthquake. The synthesized accelerogram was used as an input base motion because the structure between 40 and 60 m deep remains basically unchanged (Table 2) . Also, a spatially constant damping coefficient of h MO 5 0:02 was assumed for the entire system. Although this damping coefficient should be underestimated for the soft-soil sediment (Iida et al. 2005) , Fig. 5 . FE-simulated soil responses at three depths based on the input wave field estimated at the Toyo station for the 1983 Yamanashi earthquake Fig. 6 . Theoretical accelerograms at three depths (wave field) estimated at the Echujima station for the 1923 Kanto earthquake extremely small damping was required to gain apparently appropriate soil responses.
The FE-simulated soil responses based on the input base motion (Fig. 7) were extreme underestimations around the predominant period of the ground despite the assumed small soil damping. Fig. 8 displays the FE-simulated soil responses based on the input wave field. Given a damping coefficient h WF of 0.16 for the soil layers above 38 m deep and another damping coefficient h WF of 0.10 for the soil layers below 38 m deep, the input wave field of Fig. 6 was retrieved very well.
Building Responses
Finally, the building responses were computed by the three types of analyses. In the base-fixed response analysis, the surface accelerogram of the input wave field was used as the input surface motion. The surface accelerogram is displayed as the top trace of Fig. 6 . A damping coefficient of h BF 5 0:05 was assumed for the superstructure. In the new interaction analysis, a damping coefficient h WF of 0.05 was assigned for the two model buildings. Thus, because linear building responses are being computed, the same damping coefficients were adopted between the RC and wood model buildings in each response analysis. Table 5 summarizes the maximum response values of the superstructures of the two model buildings calculated by the three types of analyses. In all analyses, the top-story accelerations and displacements of the two model buildings became very large. Both model buildings suffered large interstory drifts that implied structural collapse and did not have enough shear strength to resist the severe vibration in the first story. In particular, the interstory drifts of the wood model building grew excessively large. In the base-fixed response analysis, the responses of the 2-story wood building became relatively small, presumably because the use of input surface motion as the inertial force is unreasonable for the light flexible superstructure. In the conventional interaction analysis, because of the biased ground motions, the responses of the 8-story RC model building were considerably underpredicted.
For more clarity on the influence of different input excitations, Figs. 9 and 10 compare the Fourier amplitude ratios between the top-story and foundation accelerograms of the 8-story RC model building and the 2-story wood model building, respectively. The interaction effects of the RC model building were recognized by the extended vibration period, whereas those of the wood model building were ambiguous. In the new interaction analysis, the spectral peaks were very sharp. The sharp peaks may show that realistic vibration of the buildings was properly expressed. Another possibility is that the building damping may be underestimated.
Next, Figs. 11 and 12 display the vertical distributions of the maximum interstory drift and the maximum shear force of the RC model building and the wood model building, respectively. In all the analyses, the shear force of each story of both buildings exceeded the yield strength by far, and the lower stories sustained extremely large shear force. It should be noted that the distribution patterns of the 8-story RC model building were highly different among the three types of analyses. The difference in the distribution patterns of the 2-story wood model building was not obvious.
Furthermore, Table 6 summarizes the maximum response values at the head of a corner pile of the 8-story RC model building calculated by the two types of interaction analyses. Fig. 13 compares the vertical distributions of the maximum bending moment of the same corner pile calculated by both analyses. It was found that the largest bending moment at the head was beyond the two sorts of yield bending moments of Table 4 in both analyses and that the largest bending moment calculated by the new analysis was larger than that calculated by the conventional analysis.
In addition, the pile response was calculated by the new analysis on the condition that only the superstructure was removed from the interaction system. The maximum response values at the head of the same corner pile are also shown in Table 6 . The additional calculation clarified that about one-fourth of the shear force and the Fig. 7 . FE-simulated soil responses at three depths based on the input base motion estimated at the Echujima station for the 1923 Kanto earthquake Fig. 8 . FE-simulated soil responses at three depths based on the input wave field estimated at the Echujima station for the 1923 Kanto earthquake bending moment was attributed to ground motions. The pile response is quite different from that revealed in the lakebed zone of Mexico City. In the extremely soft clay deposit of the lakebed zone, almost the entire bending moment at the pile head was produced by ground motions (Iida 2013) .
Thus, no contradictory building responses were obtained by the new building-response method in this and the preceding sections. On the other hand, some unreasonable building responses were provided by the two other methods. No contradictory building responses were obtained by the new method as well in the lakebed zone of Mexico City (Iida 2013) . Accordingly, it is concluded that the new buildingresponse method works satisfactorily in the linear range.
Discussion
The serious limitations of input excitation as the inertial force for the soil-building interaction system were already clarified using model buildings in the lakebed zone of Mexico City in a recent study by Iida (2013) . The degree of error in estimating building responses due to the input excitation in the lakebed zone with abnormally soft soils was much larger than that in the reclaimed zone of Tokyo Bay. Roughly speaking, the degree of error depends on the softness of soils and the amount of surface waves. In this study, both the soil and building responses were treated in a linear fashion. The maximum soil strain reached 5:2 3 10 23 at the Echujima station for the Kanto earthquake, and it is considered that, in reality, the soil responses were not linear. Hence, the surface ground motions presumably were overestimated. Therefore, a nonlinear response analysis of soils that can change a seismic wave field is required. Recently, nonlinear and liquefaction analyses for seismic soil-pile-structure interaction have become popular (e.g., Ashour and Norris 2003; Kim and Roesset 2004; Maheshwari and Sarkar 2011) . In addition, it is considered that the linear building behavior in the analysis resulted in considerable overestimation of the maximum building responses (Tables 5 and 6 ). A nonlinear response analysis of buildings based on an input seismic wave field is required.
Conclusions
A 3D linear soil-building interaction analysis based on an input seismic wave field was applied to estimate seismic building responses in the reclaimed zone of Tokyo Bay. The main conclusions of two simulations are as follows: (1) the first simulation successfully reproduced surface, downhole, and building accelerograms that were recorded at one borehole station during two medium-sized earthquakes; (2) in the second simulation, seismic responses of a midrise RC model building and a wood model building were favorably calculated at the other borehole station for the 1923 Kanto earthquake; and (3) the building responses also were compared with those calculated by a base-fixed building response analysis and by a conventional soil-building interaction analysis and demonstrated the superiority of the proposed method.
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Notation
The following symbols are used in this paper:
½C 5 damping matrix; D s 5 base shear coefficient; ½H K 5 matrix of damping coefficients associated with stiffness; ½H M 5 matrix of damping coefficients associated with mass; h BF 5 damping coefficient used in the base-fixed response method; h Kij 5 ijth element of ½H K ; h Mij 5 ijth element of ½H M ; h MO 5 damping coefficient used in the conventional method for soil-building interaction; h WFij 5 damping coefficient used in the new method for soilbuilding interaction; h 1 5 damping coefficient evaluated at the primary predominant period of the ground; h 2 5 damping coefficient evaluated at the secondary predominant period of the ground; 
